. It performs various calculations that are useful for investigating two-point linkage analysis for autopolyploids, based on the random chromosome pairing model. These include calculation of offspring phenotypic probabilities as functions of the recombination fraction, r calculation of theoretical standard errors for the maximum likelihood estimator of r and numerical computation of maximum likelihood estimates. It also includes simulation facilities.
Polyploidy is widespread in the flowering plants and many agricultural crops are polyploid. Many computer programs are available for linkage analysis in diploid and linkage analysis in polyploids based only on single dosage markers in coupling phase which is identical to that in diploids (Wu et al., 1992) . However, frequently multiple dosage markers are present in the two parents of a cross, in most cases with a prior unknown dosage marker and linkage phase. Therefore, methodology for linkage analysis and mapping in polyploids is more complex and less fully developed than the methodology for diploids. Much of the basic theory of linkage analysis in polyploids was worked out in the 1930s and 1940s, in particular in the papers of de Winton and Haldane (1931) and Fisher (1947) , but for many years, there were few practical applications. Recently, there has been increasing interest in linkage analysis and mapping in autopolyploid species (e.g. Wu et al., 1992; Yu and Pauls, 1993; Meyer et al., 1998; Ripol et al., 1999) , but until now no general-purpose software has been available. Most studies have assumed the random chromosome pairing model of segregation (de Winton and Haldane, 1931) . This model assumes * To whom correspondence should be addressed. that double reduction (e.g. Fisher, 1944) does not occur. Models for single-factor segregation that allow for the possibility of double reduction have been used with some success (e.g. Jackson and Jackson, 1996) , but these models do not extend readily to two-factor segregations. A more general, combinatorial-based, theory of linkage analysis in autopolyploids was given by Fisher (1947) , but it requires extensive experimental work to estimate the probabilities of various modes of gamete formation and this has seldom been attempted in practice.
As in diploids, two-point linkage analysis relies on expressing the probabilities of different offspring phenotypes at the two loci in terms of the recombination fraction, r , between the loci. In principle, derivation of the offspring phenotype probabilities from the parental genotypes is straightforward under the random chromosome pairing model. In practice, however, it can be a tedious and error prone process. Moreover, it must often be repeated for different possible parental phases. For dominant markers in autotetraploids, formulae have been tabulated by various authors (e.g. de Winton and Haldane, 1931, Table III ; Yu and Pauls, 1993, Table 3 ; Hackett et al., 1998, Table 1 ), and recently Ripol et al. (1999, Appendix A) have given more general formulae for gamete probabilities that are valid also for higher ploidy levels. However, there are advantages in being able to generate the required probabilities by computer, particularly if the computer program can then utilize these probabilities for other purposes such as estimating the recombination fraction from observed data. This is the aim of Polylink.
Polylink caters only for even ploidy levels and works best for tetraploids and hexaploids and assumes random chromosome pairing, thus ignoring double reductions. It will do calculations for octaploids and decaploids, but these are slow in the current version of Polylink. It also works for diploids. Polylink is described fully in a User's Guide, and here we simply highlight a few features.
Polylink
The first step in using Polylink is to provide information about the cross, specifically the ploidy level and the parental genotypes at each of the two loci, and to indicate whether the parental phase is known. When looking at offspring phenotypes for a particular locus it is sometimes possible to determine the number of copies of each allele that are present (dosage known). More commonly, only the presence or absence of each allele can be ascertained (dosage unknown). The user can specify whether the dosage in the offspring will be known at either locus.
Once the details of the cross have been supplied, Polylink works out the possible offspring genotypes, and calculates their probabilities in terms of the recombination fraction. The offspring probabilities are polynomial functions of the recombination fraction with rational coefficients, and Polylink evaluates and displays these coefficients using integer arithmetic, so the results are exact. Polylink automatically generates results for each possible parental phase, unless the phase has been specified as known. Figure 1 (http://www.hri.ac.uk/xiangming/figure1.htm) shows the screen image of this information for the cross of aaoo/bboo × oooo/oooo (phase and dosage unknown).
It is then possible to display a graph of the theoretical standard error of the maximum likelihood estimate of r plotted against the true value of r . Different colours are used to distinguish the different phases. Typically, the graph shows that some phase types are much more informative about linkage than others. Graphs of this type have appeared in the literature, for example in and Meyer et al. (1998) .
Polylink is not designed to automatically calculate the matrix of two-point recombination fractions for all pairs of loci in a data set. However, individual pairs of loci can be analyzed provided that the segregation data are entered into Polylink directly. Given the observed data, Polylink estimates r by maximum likelihood for each possible parental phase in turn, using Brent's method as implemented by Press et al. (1989) . The likelihood function is plotted, again with different phases shown in different colours. In addition to the maximum likelihood estimate, Polylink provides likelihood-based confidence limits for r and a goodness of fit statistic, for each possible phase. Polylink also has a simulation facility. The user must specify the parental phase, the value of r and the number of offspring. Figure 2 (http://www.hri. ac.uk/xiangming/figure2.htm) shows an example of the likelihood function graph for the best phase; the input data were simulated with r = 0.1 and a total of 200 offspring and are shown together with the fitted data in Figure 3 (http://www.hri.ac.uk/xiangming/figure3.htm). In this example the estimated most likely phase was the same as the true phase.
The simulation feature, together with the graphical displays of the likelihood and standard error functions, makes Polylink particularly suitable for learning about linkage analysis in both diploids and polyploids. For example, the way in which the shape of the likelihood function, and hence the width of the confidence interval, is affected by the sample size is easily explored.
